ABSTRACT The root fillet of key components in aero-engines, such as the blade, blisk, and blade ring, is the most stress-concentrated area during thermodynamic interactions. The root fillet is constructed with a small curvature radius and variable curvature in different sections. Variable curvature is difficult to achieve with the integrated heat in the grinding process, and the surface quality of the root fillet is therefore greatly influenced. A ''horseshoe nest'' may be created in the high-temperature air environment, which would significantly affect the fatigue life of the key components. Therefore, to solve the problem of precision grinding for a variablecurvature root fillet, a two-level static floatation tool is proposed for belt grinding. First, the system design of the two-level static floatation tool is introduced, and the principle of the two-level static air floating is analyzed based on fluid dynamics. Second, the deformation and stress distribution of the two-level static floatation tool is analyzed when combined with the belt grinding process for a variable-curvature root fillet. Finally, an experiment performed on the root fillet of an aero-engine titanium alloy blade is described. The results show that the surface roughness is less than 0.4 µm, the profile precision errors are less than 5%, the transition is smooth between the plane and the fillet (blade surface to root fillet rabbet), and a longitudinal texture on the blade root fillet is formed.
I. INTRODUCTION
The root fillet of key components in aero-engines such as the blade, blisk, and blade ring is the most stress-concentrated area during thermodynamic interactions. The root fillet is constructed with a small curvature radius and variable curvature in different sections [1] . Variable curvature is difficult to achieve with the integrated heat in the grinding process, and the surface quality of the root fillet is therefore greatly influenced. A 'horseshoe nest' may be created in the high-temperature air environment, which would significantly affect the fatigue life of the key components [2] .
Abrasive belt grinding has a double function (grinding and polishing), is highly flexible and adaptable, and has especially a unique fitting effect on smooth transition because of its flexibility [3] . Because of these characteristics, belt grinding
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is one of the most effective methods for improving the surface quality of a titanium alloy blade, and has been successfully applied to aero-engine blades. However, due to grinding interference and tool wear, the surface quality of the root fillet is significantly affected [4] .
A. ROBOTIC BELT GRINDING FOR AERO-ENGINE BLADE
Some companies use the method of robotic gripper polishing and abrasive belt grinding to achieve precision grinding of the blade [5] . Wang and Yun [6] researched the robotic path planning of surface grinding by comparing the off-line programming simulation with the experimental result; this method could improve the quality of the blade surface. Song et al. [7] researched the method of controlling material removal for the robotic belt grinding of a complex surface; an adaptive model for the working environment was obtained, and the validity of the method was then verified by experiment. Pandiyan and Tjahjowidodo [9] proposed a novel approach for the in-process endpoint detection of weld seam removal during a robotic abrasive belt grinding process, and presented the trend of the sensor signature at each stage. Pilny and Bissacco [10] presented the development of a monitoring and control strategy for automatic detection of the process end point, as well as machine total surface characterization and local defect identification. Fernandez et al. [11] focussed on the feasibility of robotic polishing and the development of an evolutionary model pertaining to surface roughness for an abrasive tool mounted on a spherical robot, and obtained a final roughness with less than 15% deviation.
B. CNC BELT GRINDING FOR AERO-ENGINE BLADE
Zhang et al. [12] studied the hyperboloid belt grinding technology and constant grinding method, and proposed a precise control method for the force of hyperboloid belt grinding for blade surfaces. Wu [13] studied the six-axis CNC system programming technology for belt grinding of blades; geometric modeling and post-process acquisition of tool position information were developed, the CNC system was selected, and machining simulations were performed. Xiao and Huang [14] and Xiao et al. [15] studied equivalent adaptive belt grinding for the aero-engine blade edge; the surface roughness of the blade was analyzed, and the results showed that the grinding surface roughness was less than 0.25 µm with residual stress on the surface. Lin et al. [16] adopted a flexible polishing technology and control vector to achieve a polished shaft belt; the blade surface was effectively jointed with a surface roughness of 0.25 ∼ 0.39µm.
C. GRINDING MECHANISM OF TITANIUM ALLOY
Axinte et al. [17] , [18] studied the influence of polishing methods on surface quality and integrity by changing belt grinding parameters for a Ti-6-4V heat-resistant alloy. The material removal was also analyzed. After belt polishing, a surface roughness of Ra < 0.4 µm and a residual stress of −120 MPa were obtained. Torres et al. [19] employed regression techniques to model the arithmetic mean deviation of Ra for hard-to-machine alloys. Casadebaigt et al. [20] focussed on the microstructure and oxidation kinetics of Ti-6Al-4V fabricated by additive manufacturing. Lee et al. [21] proposed a new eco-friendly lubrication technique referred to as nanofluid air-flow-assisted electrostatic lubrication.
The literature referenced previously reveals that, although much research has been conducted on belt grinding for blades, the grinding problem for the root fillet has not been completely solved, and the surface quality and surface consistency would therefore still be significantly affected. Therefore, to solve the problem of precision grinding for a variable-curvature root fillet, a two-level static floatation tool is proposed for belt grinding. First, the system design of the two-level static floatation tool is introduced, and then the principle of the two-level static air floating is analyzed based on fluid dynamics. Second, the deformation and stress distribution of the two-level static floatation tool is analyzed when combined with the belt grinding process for a variablecurvature root fillet. Finally, an experiment performed on the root fillet of an aero-engine titanium alloy blade is described.
II. DESIGN AND ANALYSIS OF TWO-LEVEL STATIC FLOATATION TOOL SYSTEM A. DESIGN AND OPTIMISATION OF TWO-LEVEL STATIC FLOATATION TOOL SYSTEM
In the grinding activity, severe abrasion occurs between the mini contact wheel (2.5 mm in diameter) and the center shaft and between the abrasive belt and the contact wheels. This situation has a detrimental effect on the life of the tool. Static gas lubrication technology has been widely used in the design of gas bearings and aerostatic slideways with advantages such as less friction, high accuracy, no abrasion, no pollution, little maintenance, and long life. Based on this practice, the structure of a gas-floatation grinder for open-loop belt finishing was designed as shown in Fig. 1 . The center shaft has a first-order throttle hole, and the contact wheel has a secondorder throttle hole. The first-order orifice keeps the gas firmly between the center shaft and the sleeve and reduces their wear. The second-order orifice can maintain the gas firmly between the contact wheel and the abrasive belt while the spiral cooling bath provides air flow into a spiral vortex to reduce the wear of the contact wheel. The life of the mini contact wheel can be extended in this manner. Figure 2 shows a schematic diagram of the two-level static pressure for gas-floatation lubrication. The working principle is that the force of the gas film is maintained by the air compressor, providing air flow into the throttler interstices (usually some air intake holes or intervals) by the design of orifice compensation. The gas is then discharged from the external rim of the contact wheel continuously, increasing the pressure in the interstices owing to the gas viscosity, and raising the object. The thicknesses of the gas films between the shaft and the shaft sleeve and between the contact wheel and the abrasive belt are usually 12 to 50 µm. When the total buoyancy of the gas film becomes equal to the total load, the working bearing reaches a balance and gas lubrication is accrued.
B. ANALYSIS OF TWO-LEVEL GAS-FLOATATION SYSTEM
The Reynolds equation used to represent the gas lubrication is a second-order partial differential equation. Obtaining an exact analytic solution is difficult; the challenge with the static gas-floatation grinder design is that the load-bearing capacity of the gas films is unknown. The classic theory of lubrication supposes that the characteristics of two surfaces moving relative to each other depend mainly on the flow of the lubricant (the gas) in the interval. Usually, the gas is regarded as a Newtonian fluid, and the flow of the gas can be described by the Navier-Stokes equation:
In this equation, u, v, and w represent the velocity (in m/s) of the gas flow in the x, y, and z directions, respectively; µ is the dynamic viscosity (in Pa.s) of the gas; and ρ is the density (in kg/m 3 ) of the gas.
The gas flow continuity equation is as follows:
In these equations, P a is the air pressure (in Pa), and ρ a is the air density (in kg/m 3 ).
Assumptions for Fig (1), supposing that the pressure in the height direction of the interval is a definite value, the velocity in the z direction could be ignored. (5) The main viscosity forces are only ∂ 2 u/∂ 2 z 2 and ∂ 2 v/∂ 2 z 2 , and the other terms can be reduced. (6) The working medium is a perfect gas at room temperature. According to these assumptions, Eq. (1) can be simplified to
Multiplying Eq. (2) by dz 2 , integrating over z twice, and supposing that µ = const, we obtain
The integration constants c 1 , c 2 , c 3 , and c 4 are provided by the velocity boundary conditions:
We suppose that H = h + δ i · δ, in which δ i represents the Kronecker delta function:
We can then obtain
Integrating Eq. (1) over z with the limit of integration of 0 < z < H , we can obtain
In view of assumptions (1) and (4), w = 0, and therefore the form of this equation can be
In these equations, u H and v H are the velocities (in m/s) in the x and y direction of the gas on the z = H plane, and ρ H is the density (in kg/m 3 ) of the gas on the z = H plane. Considering that the gas in the interval is a perfect gas, the density does not change in the z direction; therefore, ρ H = ρ = const and we obtain
According to assumption (1), the interval is very small, and ∂H /∂t, ∂H /∂x, and ∂H /∂y are therefore small enough to ignore. The equations can then be modified to
We can then infer that
and we obtain ∂ ∂t
Integrating the equation in the z direction and simplifying,
We extract the constant term µ from the partial differential symbol, and multiply both sides of the equation by 12µ:
In the equation, H is the generalized gas film thickness (in mm); H = h + δ i gδ in which δ i represents the Kronecker delta function; µ is the viscosity (in Pa.s); and u 1 , u 2 , v 1 , and v 2 are the velocities (m/s) in the x and y directions. 
III. ANALYSIS OF CONTACT FORCE AND DEFORMATION OF VANE ROOT A. ANALYSIS OF CONTACT CONDITION OF VANE ROOT
To machine the blisk root fillet, a contact wheel with a small diameter should be used; however, as wear may easily occur, a contact wheel with a cooling system is required. Figure 3 displays the machining diagram of a titanium-alloy blisk root fillet using the longitudinal belt grinding method. The grinding heat may not disperse in a timely manner owing to the small grinding area, and the grinding heat concentration is likely to affect the surface quality. Therefore, a cooling system is necessary in the grinding process with a cooling angle θ configured reasonably to achieve optimal cooling.
B. ANALYSIS OF DEFORMATION OF CONTACT WHEEL AND VANE ROOT
The following figures are the deformation nephograms of the contact wheel during grinding at three different positions on the back of the vane. According to Fig. 4 , which shows the contact conditions in the YOZ and XOY planes, during the grinding the deformed part of the contact wheel turns into a concave hemi-ellipsoidal mirror. On the YOZ plane, the contact area is elliptical, which is consistent with the Hertz contact model regarding the crossing of blades of a short cylinder. Figure 5 shows the deformation nephograms of the longitudinal section of the contact wheel during grinding at three different positions on the concave surface of the blade. During grinding of the concave surface, both ends of the contact wheel touch the profile first, the deformation of the ends is greater than that of the middle part, and the contact area shape therefore turns into a saddle.
According to Fig. 6 , during grinding of the back of the blade, the deformation of the middle area is obviously greater than that of the ends, whereas the middle area deforms less than the ends during grinding of the concave surface of the blade. Under the premise of the same grinding forces on the contact wheel, the deformation of the contact wheel during back grinding is greater than that of concave surface grinding. The back grinding creates a concave deformation of the contact wheel while the concave surface grinding creates a convex one. Figure 7 shows the equivalent stress nephogram of the contact wheel at three different contact areas during grinding of the back of the blade. In the back grinding process, the stress space of the contact area has a hemi-spheroidal distribution, and the contact stresses of the middle part are much larger than those of the two flanks. Figure 8 shows the equivalent stress nephogram of the contact wheel at three different contact areas during grinding of the concave surface of the blade. In this process, the stress space of the contact area has a saddle-shaped distribution, and the contact stresses of the two flanks are much larger than that of the middle part.
C. ANALYSIS OF DISTRIBUTION OF CONTACT WHEEL AT VANE ROOT
According to Fig. 9 , in the back grinding process, the joint stress first increases and then decreases along the node path; this conclusion is valid when the length of the contact wheel is in the range of 1 ∼ 7 mm. In contrast, in the concave grinding process, the joint stress first decreases and then increases along the node path, when the length of the contact wheel is in the range of 2 ∼ 6 mm. The average stress in the contact area is 0.75 MPa for back grinding, which is larger than the 0.57 MPa for concave grinding. 
IV. EXPERIMENT ON ABRASIVE BELT GRINDING OF VANE ROOT A. EXPERIMENTAL FACILITY AND DETECTOR
An experiment on abrasive belt grinding of the circular bead of an aero-engine titanium-alloy blade root was conducted through a high-precision CNC grinder. As shown in Fig. 10 , this machine tool contains a grinding head, lathe bed, high precision rotary table, and guide rail. There are linear transducers and angle sensors for each coordinate axis of the grinder; these sensors can couple the location information of the grinding points back to the numerical control system to achieve closed-loop control of the grinding process.
The axes of motion of the high-precision CNC grinder were defined as follows: the axis perpendicular to the grinding head and moving in the horizontal direction is the X axis; the axis perpendicular to the grinding head and moving in the width direction of the blade is the Y axis; the axis parallel to the grinding head and moving in vertical direction is the Z axis; the axis rotating around the X axis is the A axis; the axis along which the grinding head oscillates with the Y axis is the B axis; and the axis rotating around the Z axis is the C axis. The precision of each axis is shown in Table 1 . 
B. EXPERIMENT GOAL AND METHOD
The experiment was performed by clamping the aero-engine titanium-alloy blade to the high-precision rotary table of the B axis, installing the specialized grinding head of the abrasive belt grinder lengthwise on the grinding tool, measuring the parameters according to the three coordinates of the circular bead of the blade, and controlling this system with the highperformance CNC system. The schematic diagram is shown in Fig. 11(a) . The test specimen was the blade of an aero-engine, as shown in Fig. 11(b) . The blade had undergone a precision milling process before testing.
Regarding the I, II, and III sections, I is the transition between the surface of the blade body and the transfer angle, II is the transfer angle, and the III is the transition between the transfer angle and the rabbet plane. Five sensing points were chosen from each section, and the surface roughness and topography were sensed before and after grinding. In this experiment, we used a TR200 tester to sense the surface roughness Ra parameter. Field emission scanning electron microscopy was used to sense the surface topography.
The abrasive belt in this experiment was a #37260 belt produced by the 3M Company. The main grinding parameters were as follows: 4 m/s linear velocity of the belt; 6 N axial force; 0.6 m/min feed velocity; 0.8 strain; 45 HA hardness of the contact wheel; water cooling; 40 Hz frequency of the alternating motion of curvature; and 4 cycles of the alternating motion of curvature. Figure 12 shows contrasted photos before and after the longitudinal grinding to the circular bead of the aero-engine titanium-alloy blade root. The top two pictures are before grinding, and the bottom two pictures are after grinding. The figure clearly indicates that, after the longitudinal grinding, the surface smoothness of the bead of the blade increased significantly, a better consistency of surface grains was obtained, and all defects of the milling process and tool marks in the transition region were eliminated. Furthermore, no defects such as surface burning or scratching were created.
V. EXPERIMENTAL RESULTS AND ANALYSIS
To analyze the local surface features in a visual manner, the surface topography of the test specimen was examined. Figure 13 shows the surface topography at points 1, 2, and 3 in section II. The veins are distributed uniformly and lengthwise. Furthermore, no significant surface burning can be observed. This helps the anti-fatigue performance. The main reason for this improvement is the long perimeter of the belt that provides sufficient cooling to the abrasive particles and less contact time in the grinding process. The selfcooling of grains worked effectively for cold grinding by the abrasive belt. Figure 14 shows the surface roughness of the concavity and convexity of the root radius before grinding. Figure 14(a) is the surface roughness of the convexity of the root radius, after the milling process, the range of surface roughness of the convexity is 0.954 ∼ 1.918µm, in contrast, after the abrasive belt grinding, the range of surface roughness of the convexity is 0.234 ∼ 0.381µm. Figure 14(b) is the surface roughness of concavity of root radius, after the milling process, the range of surface roughness of concavity is 0.894 ∼ 2.361µm, after the abrasive belt grinding, the range of surface roughness of the concavity is 0.248 ∼ 0.392µm. We can deduce that, these values are much larger than the 0.4µm technological requirement of international standards for surface roughness after the milling process. The surface consistency is also poor because of the significant number of grains remaining. Hoverer, after the abrasive belt grinding, these surface roughness values are much better than the 0.4 µm requirement.
As shown in Fig. 15 , a calculation was performed to obtain the standard deviations of different sensing sections of the root radius. Figure 15(a) shows that, after grinding, the surface roughness standard deviation for the convex values decreased from 0.228 ∼ 0.428µm for the milling to 0.035 ∼ 0.066µm for the grinding. Figure 15(b) shows that, after grinding, the surface roughness standard deviation for the concave values decreased from 0.309 ∼ 0.432µm for the milling to 0.035 ∼ 0.056µm for the grinding. We can conclude that the standard deviation of the grinding decreased to one-sixth of that of the milling, and that the consistency of the surface roughness was greatly improved.
VI. CONCLUSION
To solve the problem of precision grinding for a variablecurvature root fillet, a two-level static floatation tool was proposed for belt grinding.
First, the system design of the two-level static floatation tool was introduced, and then the principle of the two-level static air floating was analyzed based on fluid dynamics. To reach the equilibrium position, a lubricating film thickness of 12-50 µm is required; the external force is then balanced with the total floating force.
Second, the belt grinding processing for the root fillet was introduced, and the deformation and stress distribution of the two-level static floatation tool was analyzed when combined with the belt grinding process for a variable-curvature root fillet. In the convex grinding of root fillet, the deformation of the middle part of the contact wheel is obvious, the pressure is concentrated at the center parts, the maximum deformation is 0.4 mm, and the maximum stress is 0.8 MPa. In contrast, in the root fillet concave grinding, the two ends of the contact wheel are obviously deformed, the pressure is concentrated at the two ends, the maximum deformation is 0.2 mm, and the maximum stress is 0.45 MPa.
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